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ABSTRACT

Insoluble, macroporous styrene-divinylbenzene copolymers bearing redox N-alkylN-chlorosuIfbnamide functional groups were used for removal o f cyanide from aqueous
solutions. These resins contain active chlorine and show oxidative properties. The use o f
these resins for oxidation o f cyanide to less or nontoxic compounds was investigated in
aqueous media containing different concentrations o f cyanide and different pH values.
Examples o f the use of these resins as a polymer-supported reagent for oxidation o f
cyanide under static and dynamic conditions were given. Active chlorine readily oxidizes
cyanide to cyanate. The decomposition o f cyanate was also studied. The two
decomposition methods investigated were oxidation with redox resin and hydrolysis using
a cation exchange resin (H* form). The data show that the cyanate is easily hydrolyzed,
but is difficult to oxidize. During the oxidation process the -SO2 NCIR groups are
transformed to -SO2 NHR groups. They can be reactivated by the use of hypochlorite
solutions.

Keywords:

Redox polymer; N-alkyl-N-chlorosulfonamides; N-chlorosulfonamides;

Styrene-divinylbenzene copolymer; Oxidation o f cyanide ions
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CHAPTER 1

INTRODUCTION

Ail o f the simple cyanides are highly toxic materials (Toxicology Desk Reference,
1996) and are extensively used in industry and laboratories. Uses include metal plating,
case hardening o f steel, neutralizing o f acid main “pickle” scum, refining o f gold and silver
ores, and scrubbing of stack gases from blast and producer gas furnaces. The greatest
source o f cyanide-bearing waste comes from the rinse waters, spills, and drippings from
the electroplating solutions (Palmer et al., 1988). The removal and/or destruction of
cyanide in wastes is of concern because regulations for hazardous waste disposal are
becoming more strict and options for disposal are becoming fewer. For example, the
permissible level of cyanide in surface water is very low, i.e. 0.2 mg/L (40 CFR Part 141,
1996).
The concentration o f cyanide in waste solutions can be reduced by the application
of different processes (Palmer et al., 1988). For example, ion exchange has successfully
removed metal cyanide complexes from plating, coke plant, and gold mill effluent (EPA600/8-80-402, 1980). Laboratory experiments and pilot testing programs using ion
exchange have demonstrated the removal o f ferrocyanide fi'om synthetic solutions and
industrial wastewaters to below 1 mg/L o f total cyanide (Avery and Waitz, 1975).
1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

However, the most important methods o f cyanide wastewater treatment are based on
destruction o f (^anide by oxidation with low-molecular reagents, such as chlorine,
hypochlorite, ozone, air, oxygen and peroxide compounds (Palmer et al., 1988; Zhou et
al., 1989; Hiromutsu and Toshiyuki, 1994; Michio and Heihachi, 1994; Peter et al., 1992).
Alkaline chlorination o f dilute cyanide waste streams is a waste treatment technology
which has been in commercial use for over 25 years (EPA-600/8-80-402, 1980). The
process is suitable for destroying free dissolved hydrogen cyanide and for oxidizing all
simple and most complex inorganic cyanides in aqueous media. The process is operated at
ambient temperature; with good pH and oxidation-reduction potential (ORP) control, the
effluent typically contains less than 1.0 ppm cyanide(EPA-600/8-80-402, 1980).
Some experiments done by Bogoczek and Kociolek-Balawejder showed that Nchlorosulfonamide resin oxidized cyanide efficiently in aqueous solution (Bogoczek and
Kociolek-Balawejder, 1990)
The purpose of this work was to examine the possibility o f the use o f a redox
copolymer containing active chlorine for destruction o f cyanide in dilute water solutions.
This polymer is a macromolecular N-alkyl-N-chlorosulfonamide resin comprised of a
macroporous styrene-divinyl benzene copolymer bearing -SO2 NCIR fonctional groups.
Owing to the presence of chlorine atoms with oxidation number +1 this copolymer has
oxidative properties. It oxidizes several organic and inorganic compounds (sulfite and
thiosulfate to sulfate, ferrous ions to ferric, iodide ions to iodine, hydrazine to nitrogen,
benzyl alcohol to benzaldehyde). Moreover, it may be used for chlorination of organic
compounds and for water disinfection (Emerson et al., 1978, 1979, 1982; Emerson, 1988,
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1990, 1991, 1993; Bogoczek and Kociolek-Balawejder, 1986). It was interest to examine
the oxidizing properties o f N-aikyl-N-chloro-sulfbnamide resin brought in contract with
cyanide in dilute aqueous solutions for transformation o f these ions to nontoxic products.
The effects o f reaction parameters such as pH and temperature on the destruction o f
cyanide and the distribution o f the products were investigated during experiments carried
out under static and dynamic conditions. The removal of cyanate, a cyanide oxidation
product, was also studied. The two decomposition methods investigated were oxidation
with a redox resin and acid catalyzed hydrolysis using a cation exchange resin (H* form).

Background
Chemical Properties o f Cvanide
Hydrogen cyanide is a colorless gas or liquid with a characteristic odor. It is a
very weak acid (pKa = 9.31, does not redden litmus). The percentages of cyanide in free
cyanide form or hydrogen cyanide form depending on the pH are shown in Figure 1.
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Figure 1. Free Cyanide as a Function of pH
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In order to prevent the production and loss o f hydrogen cyanide during the
experiment, all the experiments should be carried out at pH > 11.
The average fatal dose o f HCN for humans is SO to 60 mg. LDso orally in rats for
KCN is 10 mg/kg. LDso i p in mice for KCNO is 320 mg/kg. LDso orally in rats for
NaCN is 15 mg/kg. LDso i p in mice for NaCNO is 260 mg/kg. LD s.c. in rabbits for
CNCI is 20 mg/kg (The Merk Index, 1983).

Sources o f Cvanide
Hydrogen cyanide is the single largest cyanide compound in use by industry. It is
used as a chemical intermediate in the production of methyl methacrylate (60 percent),
cyanuric chloride (15 percent), sodium cyanide (10 percent), chelators such as NT A and
EDTA (15 percent), and other chemical compounds (5 percent). Sodium cyanide is used
for electroplating of zinc, copper, brass, cadmium, and to a lesser extent, gold and silver.
It is also used in the following applications; heat treating of small metal parts when case
hardening is required; cyanidation recovery o f gold and silver and froth flotation o f metals;
as a chemical intermediate in production o f dyes, optical brighteners, chelators,
pharmaceuticals and agricultural chemicals (Palmer et al., 1988).
Miscellaneous compounds produced using HCN include cyanogen, potassium
cyanide (used for silver plating), ferrocyanides, acrylates, lactic acid, pharmaceuticals, and
specialty chemicals. Acrylonitrile used to be produced with HCN as a raw material but is
now produced using Sohio’s process or similar technology, generating HCN as a by
product (Palmer et al., 1988).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

EPA Standard
The regulations for hazardous waste disposal are becoming more strict and the
options for disposal are fewer. Section 3004 o f the Resource Conservation and Recovery
Act (RCRA), as amended by the Hazardous and Solid Waste Amendments o f 1984,
prohibits the continued placement of RCRA-regulated hazardous wastes in or on the land,
including placement in landfills, land treatment areas, waste piles, and surface
impoundments. The amendments specify dates by which these prohibitions are to take
effect for specific hazardous wastes. Effective July 8th, 1987, the amendments call for
banning the land disposal o f hazardous wastes which have free and complexed cyanides in
excess of 1000 mg/L. According to EPA (40 CFR Part 414, 1996) toxic pollutant effluent
limitations and standards for direct discharge point sources that use end-of-pipe biological
treatment, total cyanide in effluent can be maximum 1200 pg/L for any one day or 420
pg/L for any monthly average.

Methods for Cyanide Decomposition
Ion Exchange
Ion exchange is a process o f removing undesirable anions and cations from a
wastewater by bringing the wastewater in contact with a resin that exchanges the ions in
wastewater with a set of substitute ions (EPA-600/8-80-042, 1980). In selective cyanide
removal through ion exchange, free cyanide is often first complexed with iron and then
contacted with a basic anion exchanger which is highly selective for ferrocyanide. The ion
exchange column removes cyanide as follows:
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x[Resin-N-R 3*Cr] ♦ Fe(CNk'

------- ► [(Resin-N-R,*).Fe(CNk*1 ♦ xCr

(i i)

where x = 4 in ferrocyanide and x = 3 in ferricyanide. Once the resin is exhausted, it can be
regenerated with aqueous sodium chloride as follows:
[(Resin-N4^*KFe(CN)g”1 + xNaCI

----- ► x[Resin-N-R,^C|-] ♦ Na.Fe(CNk"

( 1.2 )

There are three principal operating modes for ion exchange systems: concurrent
fixed-bed, countercurrent fixed-bed, and continuous countercurrent (EPA-600/8-80-042,
1980). A pH adjustment system must be incorporated prior to feeding the waste stream
through weak ion exchangers. Other pretreatment requirements include flow equalization
for waste streams experiencing flow or pollutant concentration surges and oil separation
to prevent resin fouling.
Waste streams from the ion exchange process include: spent régénérant solution,
wash streams, and solids from the filtering system. Typically, since both the spent
régénérant solution and the wash stream contain cyanide these streams will require
treatment and disposal.
Ion exchange for cyanide removal has been applied as a polishing step to sorb any
ferricyanide or other complex cyanide residuals from oxidation processes such as alkaline
chlorination. The environmental impact from this technology is that it concentrates
cyanides in the regeneration step, creating a secondary stream that needs to be treated
(Palmer et al., 1988).

Alkaline Chlorination
Alkaline chlorination o f dilute cyanide waste streams is a waste treatment
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technology that has been in commercial use for over 25 years (EPA-600/8-80-402, 1980).
The process is suitable for destroying free, dissolved hydrogen cyanide and for oxidizing
all simple and most complex inorganic cyanides in aqueous media.
The destruction reaction is an oxidation process in which one or more electrons
are transferred from the chemical being oxidized (cyanide) to the chemical initiating the
transfer (oxidizing agent) (Sundstrom and Klei, 1979). Chlorine in elemental form or as a
hypochlorite salt are the two most common oxidizing agents used in industrial cyanide
oxidation systems.
The steps o f cyanide destruction by alkaline chlorination are shown by the
following equations (Palmer et al., 1988):
CI2 + NaCN -------► CNCI + NaCi

(13)

CNCI + 2 NaOH ------► NaCNO ♦ NaCI + HjO

(‘

^

3 CI2 + 2 NaCNO + 6 NaOH ------ ► 2 NaHCO, + Ng + 6 NaCI + 2 HgO
Sodium hypochlorite is often used in place o f chlorine gas due to the danger and
high equipment costs involved with chlorine gas usage. The steps are shown by the
following equations (Palmer et al., 1988):
NaCN + NaOCI ♦ H%0 --------► CICN + 2 NaOH
CICN + 2 NaOH
► NaOCN + NaCI + HjO

r !. 6

)
( 1. 7)

2 NaOCN + 3 NaOCI + H%0--------- ► N* + 2 NaHCO,♦ 3 NaCI

(18)

Alkaline chlorination treatment o f cyanide solutions can be conducted in one or
two stages (EPA-625/5-85-016. 1985). In the more commonly used two stage processes,
solution pH is initially raised to a pH o f 10 or higher. Hydrolysis o f the cyanogen chloride
complex is rapid and the reaction is typically 80-90 percent complete within two minutes.
In the second stage, the pH of the solution is reduced to the 8.0-8.5 range for rapid
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8
oxidation o f cyanate. Reaction time in the second stage is generally 30 minutes to 1 hour
in order to ensure complete cyanide destruction (Lanoutte, 1977).
Alkaline chlorination with chlorine or hypochlorites has become the most widely
accepted conventional method o f cyanide destruction. It has generally been found reliable
if well maintained and equipped with well-designed ORP control. The treatment
technology cannot oxidize stable complexes such as ferro<^anides. The evolution of toxic
hydrogen cyanide gas may be a problem if pH levels are lowered excessively. Many o f the
chemicals used in this process have potential for hazardous and or toxic effects.

Limitations
Table 1 shows a summary o f the limitations of ion exchange and alkaline
chlorination.

Table 1. Limitations of Commercial Cyanide Decomposition Methods
Ion Exchange
It is not a destructive method
Waste streams are high in pollutant
concentration
Need second treatment

Alkaline Chlorination
Need careful pH and ORP control
Chemical interference
Potential hazard of chlorine gas,
hypochlorite salts
Unable to treat ferro and ferricyanides

Redox Polymer for Cyanide Decomposition
Possibilitv o f Using Redox Polvmer
The purpose of this work was to examine the possibility o f using a redox
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copolymer containing active chlorine for destruction o f cyanide in diluted water solutions
according to the equation:
[P]-SO*NCIR ♦ CN* ♦ OH -------- ► [P1-S0,NHR + CCN* + C l'

( 1. 9)

[P | m ean s poly(styreneHlivinylbenzene)
R re p re se n ts allqrl group

This class of redox polymer is poly(styrene-co-divinylbenzene) with N-alkyl-Nchloro-sulfbnamide functional groups. Following is its structure:

N-AlkyUN-chioro-Sulfonamide groups
Oxidation state of Cl is +1

Owing to the presence of chlorine atoms with oxidation state +1 this copolymer
has oxidative properties. It oxidizes several organic and inorganic compounds (sulfite and
thiosulfate to sulfate, ferrous ions to ferric, iodide ions to iodine, hydrazine to nitrogen,
benzyl alcohol to benzaldehyde). Moreover, it may be used for chlorination o f organic
compounds and for water disinfection (Emerson et al., 1978, 1979, 1982; Emerson, 1988,
1990, 1991, 1993; Bogoczek and Kociolek-Balawejder, 1986).

Reaction Schemes
Since the hydrolysis of the chlorosulfonamide can produce hypochlorous acid
(Emerson, 1990), there are two possible reaction schemes for the oxidation o f cyanide by
this redox copolymer.
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10
The first possibility is that in basic solution the hydrolysis o f the chlorosulfonamide
produces hypochlorite, hypochlorite oxidizes cyanide to yield cyanogen chloride (Scheme
I, React. 1.10, 1.11); cyanogen chloride then hydrolyzes to form cyanate (React. 1.12).
Scheme 1.
[Pl-SOzNCIR ♦ O H C N * * O C r ♦ H jG
C IC N * 2 O H

► [PJ-SOjNHR ♦ OCi*

----------- ►

(110)

C IC N * 2 O H

( I I I )

O C N * C r + H ,0

(1

12)

The second possibility is that the chlorosulfonamide polymer directly reacts with
cyanide to yield cyanogen chloride (Scheme 2, React. 1.13); cyanogen chloride then
hydrolyzes to form cyanate (React. 1.14).
Scheme 2.
[P]-SO%NCIR + CINT + H aO
C IC N

+2 O K

► [P]-SOaNHR * CNCI ♦ O K

(113)

► O C K + C r+ H jO

(1.14)

Both schemes yield cyanate. There are two ways to decompose cyanate (Scheme
3). One way is hydrolysis at low pH (React. 1.15). Another way is further oxidation of
cyanate to form nitrogen and carbon dioxide (React. 1.16).
Scheme 3:
2 (P J -S O jH + N a O C N + H jO

------------ ►

3 [P]-SOaNCIR + 2 N a O C N ♦ 2 HaO

[ P ] - S O ,N a * [ P ] - S O ,N H 4

+ COa

(1.15)

-------- ►

3 [P]-SOaNHR * Na + 2 COa + 2 NaCI + HCI
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(116)

CHAPTER 2

EXPERIMENTAL

Resin:
Amberlyst-15 (Rohm and Haas Chemical Co.), a commercial available cation
exchange resin was used as a starting material . This is a macroporous styrenedivinylbenzene copolymer bearing sulfonic acid functional groups (4.9 meqiv of H^/g o f
dry resin, sphere-like, 0.3-1.2 mm in diameter, 0.30-0.35 mL.pore/mL.bead, surface area
40-50 mVg).

Preparation o f Sulfonamide Resin
In order to prepare the sulfonamide resin, the cation exchange resin was first
chlorinated to form sulfbnyl chloride resin (Emerson et al., 1978, Bogoczek and KociolekBalawejder, 1986; Huang et al., 1991) then the sulfbnyl chloride resin was allowed to
react with ethylenediame to yield sulfonamide resin (Emerson et al., 1982; Emerson, 1988,
1990, 1991).

General Method for Copoly(styrene-divinylbenzenesulfonyl chloride);
The sulfbnyl chloride was readily prepared from sulfonic acid ion exchange resin
11
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12
by the action o f chlorosulfbnic acid, or phosphorus pentachloride in phosphorus
o^chloride.
Chlorosulfbnic acid method; The appropriate ion-exchange resin (Amberlyst-15) in
the acid form was placed in Erlenmeyer flask and a 4- to 10-fold molar excess of
chlorosulfbnic acid was added (Fume Hood!). The mixture was maintained at temperature
80 °C and was stirred over a 1-h period. The reaction mixture was filtered on a fntted
glass funnel and the resin was washed with methylene chloride, a mixture o f methylene
chloride, and THF (exothermic!) and then THF alone. The resulting product was freed o f
THF at reduced pressure and ambient temperature (Emerson et al., 1978).
[Pl-SOaH * CISO3 H -------- ► [Pl-SOzCI * H2 SO4

(2 1)

Phosphorous pentachloride in phosphorous oxychloride method; The cation
exchange resin (Amberlyst-15) and 1.6 fold molar excess phosphorous pentachloride were
mixed at boiling temperature (106 °C) using phosphorous oxychloride as solvent. The
mixture was refluxed for 2-4 h. The reaction mixture was filtered on a fritted glass funnel
and the resin was washed with methylene chloride, acetone and ice cold dilute HCl
(Bogoczek and Kociolek-Balawejder, 1986).
POCI3
[P]-S03H ♦ PCI5 -------------- ► [PJ-SOjCI + POCI, ♦ HCl

(22)

Preparation of Poly[(ethenylbenzene-co-diethenylbenzene)N-alkylsulfonamides) ;
The sulfochlorinated resin was added to ice cooled, concentrated ethylenediamine
(2 fold molar excess) and allowed to stand for two or more hours. The resin was separated
fi'om the excess ethylenediamine, washed with water, and 15% sulfuric acid. The product
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13
was washed with water and dried at reduced pressure (Emerson et al., 1982; Emerson,
1988, 1990, 1991).
2 M^OzCI + NHzCHzCHzNHz ---- ► Pl-SOsNH-CHjCHrNHSOj-fP] * 2 HCl

(2. 3)

Chlorination and Regeneration o f Sulfonamide Resin
Batch System:
Approximately 10 g o f the dry sulfonamide resin was soaked in a solution of 95
mL of laundry bleach (5.25% sodium hypochlorite) and 5 mL of glacial acetic acid for a
day. The resin was filtered and washed with several portions of distilled water until the
DPD (N,N'diethyl-p-phenylenediamine) analysis (American Public Health Association,
1995) showed that the active chlorine in the filtrate was less than 5 mg/L (Emerson et al.,
1978; Emerson, 1990, 1991).

Flow System:
A 20 g sample o f sulfonamide resin was placed in the flow system (described in
Chapter 2, Flow System, Equipment) column. A solution o f 190 mL o f laundry bleach
(5.25% sodium hypochlorite) and 10 mL of glacial acetic acid was pumped through the
resin bed from a reservoir at 20 mL/min. The effluent was returned to the reservoir, so
that the bleach solution could be recycled through the resin bed. After several hours, DI
water was used to rinse residual bleach fi’om the column (Emerson et al., 1990, 1991,
1993).
The final product, N-chlorosulfonamide resin, contained 2-3 mmol/g -SO2 NCIR
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groups and 2-3 mmol/g -SOsNa groups. It had the form o f light yellow, opaque spheres
(surface area ~ 60 mVg) (Emerson et al., 1997; Emerson, 1990, 1991, 1993).

Analytical methods
Cyanide (see appendix)
ASTM Designation: D 2036 - 91 Standard Test Methods for Cyanides in Water
(ASTM, 1996).
Standard Methods for the Examination o f Water and Wastewater, 4500-CN* D.
Titrimetric Method, 4500-CN* E. Calorimetric Method, 4500-CN* F. Cyanide-Selective
Electrode Method (Standard Methods, 1995).

Cyanogen Chloride (see appendix)
ASTM Designation: D 4169 - 95 Standard Test Methods for Cyanogen Chloride
in Water (ASTM, 1996).
Standard Methods for the Examination of Water and Wastewater, 4500-CN' J.
Cyanogen Chloride (Standard Methods, 1995).

Cvanate (see appendix)
Standard Methods for the Examination o f Water and Wastewater, 4500-CN L.
Cyanates (Standard Methods, 1995).

Ammonia (see appendix)
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ASTM Designation: D 1426 > 93 Standard Test Methods for Ammonia Nitrogen
in Water (ASTM, 1996).
Standard Methods for the Examination o f Water and Wastewater, 4500-NH3 D.
Ammonia-Selective Electrode Method (Standard Methods, 1995).

Chloride (see appendix)
ASTM Designation: D 512 - 89 Standard Test Methods for Chloride Ion in Water
(ASTM, 1996).

Active Chlorine in Water (see appendix)
Standard Methods for the Examination o f Water and Wastewater, 4500-Cl F. DPD
Ferrous Titrimetric Method (Standard Methods, 1995).

Total Exchange Capacity of Resin
About 25 mL of Amberlyst 15 was placed in a short stemmed 60° funnel
containing a filter paper o f medium porosity and I L o f ethanol was allowed to percolate
through the resin slowly over a period of 30 min. This was followed by a 1 L of DI water
passed through the resin at the same rate. The sample was drained on a Buchner fimnel
with very mild suction applied until the free or excess water was removed. The resin was
transferred to ajar sufficiently small as to leave little free air space.
Weigh out accurately a 4 to 6 grams sample o f the conditioned or regenerated
resin. Transfer the sample to a short stemmed 60° funnel containing a filter paper o f
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medium porosity. (At the same time weigh out a second sample o f conditioned resin for
solids determination. The solids determination was performed by weighing the sample then
drying at 1 Torr and 30 °C overnight and determining the dry weight of the resin.). Allow
about 1/2 L o f DI water to pass through the sample slowly and then allow the resin to
drain. Support the fonnel in a 1-L volumetric flask and above this suspend a separatory
funnel containing 4% neutral sodium sulfate solution. This solution was allowed to
percolate through the resin sample over a period o f

1

h to fill the volumetric flask to

exactly 1 L. During the passage o f the sodium sulfate solution, it is important that the
solution level was kept slightly above the top level o f the resin. Aliquots of SO mL were
taken from this effluent solution for titration with standard O.IN sodium hydroxide, using
phenolphthalein as the indicator (Kunin, 1958). Results were calculated as milliequivalents
per gram dry resin as follows:
Capacity Calculation:
NaOH(mL) x NaOH(N) x 20

meg, of
ions
dry rain

100
Solids Calculation:
weigh of dry resin x 1 0 0
— = percent solids
weigh of conditioned resin

Active Chlorine Content on Resin
Sodium sulfite Method:
Approximately 10 gram o f chlorinated sulfonamide resin was placed in a 250 mL

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

17
Erlenmeyer flask containing 6.30 grams o f sodium sulfite (50 mmol) solution. At the same
time prepare a reference sodium sulfite solution containing only 6.30 gram o f sodium
sulfite (50 mmol). Allow the mixture to stand overnight. Support a short stemmed 60°
funnel containing a filter paper o f medium porosity in a 1-L volumetric flask and filter the
mixture. Wash the resin with DI water until the filtrate fills the volumetric flask to exactly
I L. Aliquots of 25 mL were taken fi'om this effluent solution for titration with standard
O.IN potassium triiodide (VI). The reference sodium sulfite solution was transferred to a
one liter volumetric flask and diluted to 1 L with DI water. Aliquots of 25 mL were taken
fi'om this solution for titration with standard O.IN potassium triiodide (V2). A total
exchange capacity measurement was made on the resin in the usual manner. Then the resin
was dried under reduced pressure to get the dry weight of the resin (Emerson et al.,
1997).
Active Chlorine Content Calculation:
(V2- VI) X KI](N) X 1000 ^ ^ _ Active Cl Content (meq. of Cl)
25 X weight of dry resin
gram of dry resin
where:
VI = mL KI, solution to titrate filtrate,
V2 = mL KI, solution to titrate reference.

Hydrazine method:
A 0.2 to 0.5-g sample of the dry chlorinated sulfonamide resin, weighed to the
nearest 0.1 mg was placed in a 25 mL suction flask and 1 mL 2 M HOAc/NaOAc buffer
was added. The flask was fitted with an injection septum at the top o f and at the side arm
to a gas collecting apparatus (Diagram 1). A 2.0 mL sample of 85% hydrazine hydrate
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was injected. The nitrogen was collected and the volume, temperature, and pressure were
recorded. The reaction ceased within a few minutes. The volume o f hydrazine solution
injected was subtracted from the recorded volume and the vapor pressure o f water was
subtracted from atmospheric pressure. The volume o f gas produced was corrected to STP
and the moles o f nitrogen produced was calculated (Emerson et al., 1978).
Active Chlorine Content Calculation:
V(mL) X P(mmHg) x 273.1(K)
760(mmHg) x T(K) x 22.4(mL) x wt. of resin
where:
V = Corrected Volume,
P = Corrected Pressure,
Cl* = Active Chlorine

2molQ * _____________
mmol Cl *
Imol N, gram of dry resin

G a s C o lle c to r

R e a c to r

Diagram 1. Instrument for Hydrazine Method

Batch Scale
Preliminarv Investigation
In preliminary investigations the release of active chlorine from N-alkyl-N-
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chlorosulfbnamide resin was studied. A 2 gram sample o f N-all^l-N-chlorosulfonamide
resin (2 mmol -SO2 NCIR /g) was added to a 1-L volumetric flask, containing

0 .1

M

carbonate buffer to maintain pH of 11, 12 or 13. The flask was agitated using a magnetic
stirrer. Time dependent measurements were made. Solution samples were taken from the
flasks after fixed time intervals and were analyzed fr)r active chlorine.
In order to determine the kinetics o f the reaction o f the active chlorine with
cyanide, a 100 mL solution containing 10^ M KCN and 0.1 M carbonate buffer (pH = 11)
was placed in a flask. After adding 1 mmol NaClO (5.25% bleach), the cyanide
concentration was measured (ASTM D 2036, 1996) after fixed time intervals.

Treatment of Cvanide Solution
Batch scale experiments on decomposition o f cyanide ions by N-alkyl-Nchlorosulfonamide resin were carried out at varying pH levels, temperature values, and
cyanide to -SO2 NCIR molar ratios

Two Stage Decomposition
As discussed in chapter 1, the oxidation o f cyanide to nontoxic compounds occurs
in two stages. At first stage, the cyanide is oxidized to cyanate (React. 1 .9). This reaction
is carried out at pH > 11. At the second stage, the cyanate is further oxidized to nitrogen
and carbon dioxide (React. 1.16) or hydrolyzed to ammonia and carbon dioxide (React.
1.16). The batch scale experiment therefore was divided into two stages.
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Oxidation o f Cyanide:
To study the oxidation reactants and products, a 1 gram sample of N-alkyl-Nchlorosulfonamide resin (2.18 mmol -SO2 NCIR /g) were added to a 1 liter volumetric
flask, containing 1 mmol potassium cyanide and I mmol sodium hydroxide. The flasks
were agitated using a magnetic stirrer. Time dependent measurements were made.
Solution samples were taken from the flasks after fixed time intervals and were analyzed
for concentration o f cyanide, cyanogen chloride, cyanate, ammonia, and chloride using
standard methods discussed in Analytical Methods section). After reaction the polymeric
reagent was separated from the reaction medium by filtration and was analyzed for active
chlorine left.
To find the pH effect on cyanide oxidation, sodium carbonate pH buffers were
used. Two grams N-alkyl-N-chlorosulfonamide resin samples (2 mmol -SO2 NCIR /g) were
added to three 1 liter volumetric flasks, containing I mmol potassium cyanide and pH =
11, 12, 13 sodium carbonate buffer (0.1 M). The flasks were agitated using a magnetic
stirrer. Time dependent measurements were made. Solution samples were taken from the
flask after fixed time intervals and were analyzed for free cyanide concentration. After
analysis, the solution samples were returned to the flask to let the reaction continue. After
reaction the sample solutions were analyzed for active chlorine content in solution by the
DPD/FAS analysis.
The effect of temperature was also studied. The 1 liter volumetric flasks
(containing 1 g N-alkyl-N-chlorosulfonamide resin, 2 mmol -SO2NCIR /g, 1 mmol
potassium cyanide, and pH = 11 phosphate buffer ( 0 . 1 M)) were placed in ice bath, water
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bath of temperature 40 °C, or room temperature. The flasks were agitated using a
magnetic stirrer. Time dependent measurements were made. Solution samples were taken
fi'om the flask after fixed time intervals and were analyzed for free cyanide concentration.
After analysis, the solution samples were returned to the flask to let the reaction continue.
Finally, different mole ratios o f cyanide to -SOzNClR groups were studied. Two-,
4-, and 8 -fold molar excesses of N-alkyl-N-chlorosulfbnamide resin were added to 1 liter
volumetric flasks, containing I mmol potassium cyanide, and pH = II phosphate buffer
(0

.1

M). The flasks were agitated using a magnetic stirrer. Time dependent measurements

were made. Solution samples were taken from the flask after fixed time intervals and were
analyzed for free cyanide. After analysis, the solution samples were returned to the flask to
let the reaction continue.

Decomposition o f Cyanate;
The further oxidation of cyanate by N-alkyl-N-chlorosulfonamide resin was also
studied. A 20.99 g sample o f N-alkyl-N-chlorosulfonamide resin (2.18 mmol -SO2 NCIR
/g) was added to a 1 liter volumetric flask, containing 10 mmol potassium cyanate and pH
= 10 phosphate buffer (0.1 M). The flask was agitated using a magnetic stirrer. Time
dependent measurements were made. Solution samples were taken fi'om the flask after
fixed time intervals and were analyzed for cyanate. After reaction, the polymeric reagent
was separated from the reaction medium by filtration and was analyzed for residual active
chlorine.
Cyanate hydrolyzed quickly at low pH. This was studied by adding 10.95 grams of
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Amberlyst-IS cation exchange resin (containing 4.37 mmol o f FT/g o f dry resin) to a 1
liter volumetric flask, containing 10 mmol o f potassium cyanate. The flasks were agitated
using a magnetic stirrer. After fixed time intervals solution samples were taken fi’om the
flask and were analyzed for cyanate concentration. After reaction the polymeric reagent
was separated from the reaction medium by filtration and was analyzed for strong acid
content. The total exchange capacity test was altered since the solution would contain
both NFL and FFSO/, both o f which are titrated by NaOFF at the phenolphthalein end
point. Methyl yellow indicator was used to permit the titration FFSO/ of without titrating

NFLl.

Flow System
Equipment
Batches of chlorinated resin or Amberlyst-15 resin were placed in a glass tube of
22 mm i d. x 310 mm (118 cm^) resting on a foundation o f glass wool and 3- and 4-mm
glass beads. A thermometer was placed in the resin bed. Feed was pumped from a
reservoir upflow through the resin bed by a peristaltic pump(Cole-Parmer Masterflex
Model 7014 20) connected to a variable-speed motor with a timer switch. The output line
from the pump was fitted with a “T ’ connected to a piece o f rubber tubing clamped at the
open end. When held vertically, the side tube trapped any gas bubbles accompanying the
feed. The materials in the pump train were glass, Tygon tubing, and silicon rubber tubing
in the pump (Diagram 2).
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T o W a s te

Gas Trapper

R e s e rv o ir
Feed Pum p

Diagram 2. Flow System

Preliminarv Investigation
In preliminary investigations the release o f active chlorine from N-alkyl-Nchlorosulfonamide resin in a colunrn was studied. A 20 gram sample o f N-alkyl-Nchlorosulfonamide resin (1.5 mmol -SOzNClR/g, 40 mL after swelling in water, height of
packing

100

mm) was placed in the flow system column. Sodium hydroxide solutions of

two different concentrations (2.5x10^ M or 1.0x10^ M NaOH) were used to pump
through the resin bed. The flow rate was 5 mL/min (approximately 7.5 bed volumes/hour),
10 mL/min (approximately 15 bed volumes/hour), or 15 mL/min (approximately 22.5 bed
volumes/hour). Consecutive 100 mL samples o f effluent were analyzed for active chlorine
in water by the DPD/FAS method.
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Treatment o f Cyanide Solution
The cyanide oxidation in N-chlorosuIfbnamide resin column was studied at
different flow rates and different molar ratios o f cyanide and sodium hydroxide.

Two Columns Treatment
Since the cyanide decomposition to nontoxic products took place in two stages,
two columns were used in the flow system. The first column contained N-alkyl-Nchlorosulfonamide resin for oxidizing cyanide to cyanate. The second column was packed
with Amberlyst-15 cation exchange resin (HT form) for hydrolyzing cyanate.

First Column(Redox Resin):
To study cyanide oxidation,

20 grams sample of N-alkyl-N-chlorosulfonamide

resin (1.5 mmol -SOzNClR/g, 40 mL after swelling in water, height o f packing 100 mm)
was placed in the flow system column. A mixture of potassium cyanide and sodium
hydroxide (10 ^ M KCN and 2.5x 10^ M NaOH, mole ratio 1 : 2.5, or 1x 10^ M KCN and
1x10'^ M NaOH, mole ratio 1 : 1 ) was pumped through the resin bed. The flow rates
chosen were 5 mL/min min (approximately 7.5 bed volumes/hour),

10

mL/min min

(approximately 15.0 bed volumes/hour), or 15 mL/min min (approximately 22.5 bed
volumes/hour). Consecutive 100 mL samples of effluent were analyzed for pH,
concentration o f cyanide, cyanogen chloride, cyanate, ammonia, chloride and active
chlorine in water until the break-through point o f cyanide from the colunrn occurred.
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Second Column(Cation Exchange Resin);
The second column was packed with 20 grams o f Amberlyst-15 cation exchange
resin (4.9 mmol o f FT/g, 55 mL after swelling in water, height o f packing 150 mm). A
solution o f 10^ M KCNO was pumped through the resin bed. The flow rate was 5 mL/min
(approximately 5.5 bed volumes/hour), then 10 mL/min (approximately 11 bed
volumes/hour), and later 15 mL/min (approximately 16.5 bed volumes/hour), and finally 5
mL/min again. Consecutive 100 mL samples o f effluent were analyzed for ammonia and
cyanate until the break-through point of cyanate from the column occurred.
Two Column System;
The two columns were connected. The first column contained 20 grams of Nchlorosulfonanude resin (1.5 mmol -SOzNClR/g, 40 mL after swelling in water, height o f
packing 100 mm) and the second column was packed with 20 grams of Amberlyst-15
cation exchange resin (4.9 mmol ofFT/g, 55 mL after swelling in water, height o f packing
150 mm). A solution o f 10^ M KCN and 2.5x10^ M NaOFI was pumped through the
resin bed. The flow rate was 5 mL/min (approximately 7.5 bed volumes/hour for the first
column and approximately 5.5 bed volumes/hour for the second column). Consecutive

100

mL samples o f effluent were analyzed for pFI, concentration of cyanide, cyanogen
chloride, cyanate, ammonia, chloride until the break-through point o f cyanide from the
first column occurred.
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CHAPTERS

RESULTS AND DISCUSSION

Batch Scale
Release of Active Chlorine From N-Alkvl-N-chlorosulfonanude Resin
The results o f the preliminary investigations carried out by the batch method are
shown in Figure 2.

3

pH=11
--0-- pH=12
-V — pH=13
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E
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1
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Figure 2. Active Chlorine Released from N-Allq^l-N-chlorosulfbnamide Resin (2 g
Resin, 2 mmol -SOzNCIR/g, 0.1 M Carbonate Buffer)
26
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Apparently the resin released almost half o f the active chlorine to the solution at
high pH. For Example at pH 13 the active chlorine amount in the I liter volumetric flask is
2.4 mmol compared 4 mmol total of -SO2NCIR functional groups on the resin originally.
Also the higher the pH, the more active chlorine was released to the solution. This can be
shown by the equilibria shown in equation 3 .1, 3.2.
[P l-S O iN C IR + N a O H

[P l-S O J M H R ♦ N a O C I

^3

[P J -S O iN H R + N a O H

[P ]-S Q » N R + N a * + H jO

(3.2)

The equilibrium shifts to the right when more base is present in the solution
causing more active chlorine to be released to the solution. The reaction reached
equilibrium more quickly at higher pH than at lower pH. For example, the reaction
reached equilibrium in twenty minutes at pH 13, but it took about 2 hours to reach
equilibrium at pH II.
The active chlorine in the solution reacted with the cyanide ions almost instantly;
the reaction was complete within 5 minutes.

Oxidation o f Cvanide
The results obtained - batch scale experiments showed that N-alkyl-Nchlorosulfonamide resin oxidized cyanide ions remarkably well.

Reactants and Products:
Figure 3 and Table 2 show the course of reaction between I g resin (2.18 mmol SO2NCIR /g) and mixture o f 10^ M KCN, 10^ M NaOH aqueous solution (I liter). In this
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experiment; mole ratio cyanide ions : active chlorine on the resin was 2.18 : 1 .

Table 2. Reactants and Products during Cyanide Contact with N-Allq^l-Nchlorosuifonamide Resin (1 g Resin, 2.18 mmol -SOjNCIR/g, I mmol/L KCN, I
mmol/L NaOH)
Time
hr

CNmmol/L

0 .0 0
1 .0 0
2 .0 0

4.00

8.00

CNCl
mmol/L

cr

CNO
mmol/L

NHj
nunol/L

nunol/L

0 .0 0

0 .0 0

1 .0 0

0 .0 0

0 .0 0

0.78
0.65
0.45
0.33

2.40e-3
2.60e-3
3.20e-3
4.10e-3

0.23
0.34
0.44
0.54

0 .0 2
0 .0 1

3.00e-3
1.70e-3

-SO2 NCIR
mmol

-SO2 NCIR
lost
mmol

2.18
1.82
1.71
1.51
1.25

0.33
0.49
0.58
0.81

0 .0 0

0.36
0.47
0.67
0.93

1.0

0.8

-

_J

I

E 0.6 -

c
O

I

0.4 -
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Figure 3. Reactants and Products during Cyanide Contact with N-Allq^l-Nchlorosulfonamide Resin (1 g Resin, 2.18 mmol, -SOzNCIR/g, 1 mmol/L KCN, 1
mmol/L NaOH)
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Table 2 and Figure 3 show that 1 mole o f active chlorine reacts with 1 mole of
cyanide ion, all active chlorine that left the resin phase was found as chloride in the
solution, and the resin functional groups were transformed to sulfonamide groups. The
cyanide decomposed was transformed to cyanate. During the experiment cyanogen
chloride concentration was never detected above 10^ M, that means that at high pH (pH >
11), the cyanogen chloride produced in the experiment hydrolyzed quickly. Also during
the experiment the ammonia concentration in the solution is very low, suggesting that the
hydrolysis o f cyanate took place very slowly at this high pH.

pH Effect:
Figure 4 and Table 3 show experimental data on the oxidation of cyanide ions at
different pH (in the range 11-13).

Table 3. Concentration of Cyanide Ions in Solution during Contact witb N-Alkyl-Nchlorosulfonamide Resin at pD Ranging from 11-13 (2 g Resin, 2 mmol -SOzNClR/g,
1 mmol/L KCN, 0.1 M Carbonate Buffer)
Time, hours

Concentration o f Cyanide ions in solution, mmol/L
pH = 11
p H = 12
pH = 13

0 .0 0

1 .0 0

1 .0 0

1 .0 0

0.50

0.58
0.31
0.19
0.13
0.09
0.06
0.03

0.35
0.09

8.20e-4

1 .0 0

1.50
2 .0 0

2.50
3.00
4.00
5.00

0 .0 2

8.40e-4

0 .0 1

In these three experiments N-alkyl-N-chlorosulfonamide resin was used in excess
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(mole ratio cyanide ions : active chlorine on the resin = 1 : 4). The results showed that
oxidation o f cyanide ions is faster in the strong alkaline medium than in the weak alkaline
medium. The cyanide oxidized within half an hour at pH 13, the reason is that at this high
pH the resin released over 1 mmol active chlorine in the solution within half an hour and
cyanide reacted with the active chlorine quickly. After reaction the active chlorine in the
solution was analyzed by the DPD/FAS analysis. For pH 13, after half an hour the active
chlorine in the solution was 0.37 M, for pH 12, after two hours the active chlorine in the
solution was 0.045 M, whereas, for pH II, after five hours the active chlorine in the
solution was

0

M. These results correspond to the preliminary experiment shown in Figure

2.
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Figure 4. Concentration of Cyanide Ions in Solution during Contact with H-Allg^lN-chiorosuifonamide Resin at pH in the Ranging from 11-13 (2 g Resin, 2 mmol SOzNCIR/g, 1 mmol/L KCN, 0.1 M Carbonate Buffer)
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Temperature Effect:
This experiment sought to determine the effect o f temperature on the state of
oxidation o f cyanide ions by N-chlorosuifbnamide resin. This effect is shown in Figure 5.
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Figure S. Concentration of Cyanide Ions in Solution during Contact with N-AlkylN-chlorosuIfonamide Resin at Temperature Ranging from 0-40 ° C (1 g Resin, 2
mmol -SOsNClR/g, 1 mmol/L KCN, 0.1 M pH =lI Phosphate Buffer)

The results showed the high temperature favored the oxidation o f cyanide ions.
During the experiment 75% cyanide ions was decomposed within 5 hours at 40 °C, and at
room temperature (25 °C) this happened after 8 hours, whereas it took 24 hours at 0 °C.
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Mole Ratio:
Figure

shows the data o f oxidation o f cyanide ions at a different mole ratio o f

6

cyanide ions and N-all^I-N-chlorosulfbnamide resin. The mole ratio cyanide ions : active
chlorine on the resin was in the range

to I : 8

»

1.0

0.8

1 : 2

mole ratio 1:2
•-0-- mole ratio 1:4
' V mole ratio 1:8

-

i 0.4O
0.2

-

0.0

0

6

12

18

24

Time, hr

Figure 6. Concentration of Cyanide Ions in Solution during Contact with N-AllgrlN-chlorosulfonamide Resin at Mole Ratio Cyanide Ions : Active Chlorine Ranging
from 1 : 2 to 1 : 8 (Resin Containing 2 mmol -SOsNCIR/g, 1 mmol/L KCN, 0.1 M
pH-11 Phosphate Buffer)

The results showed that 4 grams o f N-alkyl-N-chlorosulfbnamide resin oxidized all
o f the cyanide contained in 1 liter 1 mmol/L KCN after I hour (mole ratio cyanide ions :
active chlorine on resin - 1 : 8 ) ,

whereas it required one day for 1 gram N-

chlorosulfonamide resin to oxidize all o f the cyanide.
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Decomposition o f Cvanate
The oxidation o f cyanate is shown in Table 4, Figure 7. The results show that 1
mole o f cyanate reacts with approximately 1.5 mole o f -SO2 NCIR groups. During the
oxidation o f cyanate in batchwise experiments, gaseous product (nitrogen) was formed.
After reaction the amount of active chlorine left on the resin was determined, the result
showed that 16.9 mmol of -SO2 NCIR groups was lost during the reaction. This supports
the reaction scheme shown in chapter 1 (React. 1.15).

Table 4. Reactants and Products during Cyanate Contact with N-Alkyl-Nchlorosulfbnamide Resin (20 g Resin, 2.18 mmol -SOjNCIR/g, 10 mmol/L KCNO,
0.1 M pH=8 phosphate buffer)
Time
hr
0 .0 0
2 .0 0
6 .0 0

24.00

Cyanate
mmol/L

Cyanate
Hydrolyzed
mmol/L

Chloride
mmol/L

1 0 .0 0

0 .0 0

0 .0 0

4.88
3.14
0.44

5.12

7.90
10.80
16.30

6 .8 6

9.56

Chloride :
Cyanate
Hydrolyzed
-

1.54
1.57
1.70

Figure 7 shows the comparison of oxidation and hydrolysis o f cyanate. Oxidation
of cyanate by N-chlorosulfonamide was much slower than hydrolysis of cyanate by
Amberlyst-15 cation exchange resin (IT form). The results showed that cyanate
hydrolyzed completely within

2

hours, but the oxidation o f cyanate was not completed

even after 24 hours.
After the hydrolysis o f cyanate, the Amberlyst-15 resin was filtered and the
modified total exchange capacity was measured. The result showed that 10.99 x (4.37 2.53) = 20.0 mmol of strong acid acidity was used. This means that I mole cyanate reacts
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with 2 mole -SO3H functional groups on the Amberlyst cation exchange resin. This result
also supports the reaction scheme in chapter

1

(React. 1.16).
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Figure 7. Oxidation or Hydrolysis of Cyanate during Contact with N-AII^I-Nchlorosulfonamide Resin (20 g Resin, 2.18 mmol -SOiNCIR/g, 0.1 IVI pH=8
Phosphate Buffer) or Amberlyst-15 Cation Exchange Resin (10.99 g Resin, 4.37
mmol H^/g)

Flow System
Release o f Active Chlorine in Column
During the preliminary experiments carried out in the dynamic system, different
concentrations of NaOH solutions were pumped through the N-alkyl-N-chlorosulfonamide
resin bed at different flow rates. The effluent was analyzed for active chlorine
concentration. The results showed that a very high concentration of active chlorine was
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present in the eflfluent (Figure 8 ). This is attributed to a very high concentration o f active
chlorine in resin bed (0.75 M Cl*) and the very high pH o f influent ( pH > 12). It is also
shown in Figure

8

that the higher the concentration o f NaOH was, the higher the

concentration o f active chlorine was present in the effluent, and the lower the flow rate
was, the higher the concentration o f active chlorine was present in the effluent.

•
2.5 tnmoH. NaOH. 5 tnUmin)
O- 2.5 mmol/LNaCH. ISmLAnin
—V - 1 mmol/L 15 mL/min

20
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E 15 -

ocT
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Figure 8. Active Chlorine in the Effluent from the Flow System (20 g N-Alkyl-Nchiorosulfonamide Resin, l.S mmol -SOzNCIR/g)

First Column (Oxidation of Cvanide)
The reactants and products o f cyanide ion oxidation in column were studied in a
flow system with a flow rate ranging from 5 - 1 5 mL/min, influent (mixture o f 2.5x10'^ M
NaOH and 10"^ M KCN or mixture o f 10^ M NaOH and 10^ M KCN), resin bed (20 g
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resin, containing 30 mmol -SO2 NCIR) (Figure 9,

10

,
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Figure 9. Reactants and Products in the Effluent from the Flow System (20 g NAii^l-N-chlorosuifonamide Resin 1.5 mmol SOiNCIR/g, Influent 10^ M KCN and
2.5x10^ M NaOH, Flow Rate 5 mL/min)

The concentration o f cyanide ions in the effluent was greatly reduced. Whenever
the flow rate was 5 mL/min (approximately 7.5 bed volume/hour), 10 mL/min
(approximately IS bed volumes/hour), or

IS mL/min (approximately 22.S bed

volumes/hour), the concentration o f cyanide ion in the effluent was below

10

"^ M (

1000

-

times less than the initial concentration) before the break-through point of cyanide fi’om
the column. When the pH o f effluent was low (< 6 ), a high concentration o f cyanogen
chloride was detected. This is due to the incomplete hydrolysis o f cyanogen chloride at
low pH. The present o f cyanate in the influent indicated that N-chlorosulfonamide reacts
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with potassium cyanide forming potassium cyanate. An equivalent of chloride ions in
effluent was detected too. Also at low pH, some amount o f ammonia was detected which
was produced from hydrolysis o f cyanate.

Table 5. pH and Active Chlorine in the Effluent from the Flow system (20 g N-AII^IN-chlorosulfonamide Resin, 1.S mmol -SO%NCIR, Influent 10^ M KCN and 2.5x10^
M NaOH, Flow Rate 5 mL/min)
Volume, mL/g
0

5
10

15
20

25
30
35
40
45
50
55
60
65
70
75
80
85
90
95

Active Chlorine, mmol/L
0.256
0.219

pH
4.17
4.22
4.53
4.69
4.48
4.74
4.81
5.08
5.35

0.372

0.518
0.282

6 .0 1

7.31
10.95
11.65
12.13
12.16
12.36
12.46
12.57
12.59
12.56

2.451
5.211
0 .0 0 0

Cyanide break-through from the column started after about 75 mL/g. (Figure 9).
The amount of active chlorine in resin bed (30 mmol) was twice the amount of cyanide
decomposed during the column experiment (75 mL/g x

20

g x

10

^ M KCN = 15 mmol).

The cause of this was due to the release of active of chlorine to the effluent without
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reacting with cyanide (Table 5) and further oxidation o f cyanate by active chlorine. After
the break-through from the column, the active chlorine left on the resin was only

0 .1 1

mmol -SOzNClR/g dry resin.
The effect o f flow rate and mole ratio o f KCN ; NaOH on the oxidation o f cyanide
by N-chlorosulfonamide resin is shown in Figure 9, 10, 11 , 13.
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F igure 1 0 . R e a c ta n ts a n d P ro d u c ts in th e E fflu e n t fro m th e Flow S y stem (20 g NA II^ I-N -ch io ro su ifo n am id e R esin 1.5 m m ol -S O jN C IR /g , In flu e n t 10^ M K C N a n d
2.5x10^ M N aO H , F lo w R a te IS m L /m in )
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Figure 11. Reactants and Products in the Eflluent from the Flow System (20 g NAH^l-N-chlorosulfonamlde Resin 1.5 mmol -SOjNClR/g, influent 10^ KCN and 10^
M NaOH, Flow Rate 5 mL/min)

The result showed that the higher flow rate was, the higher the concentration o f
cyanogen chloride was found in the effluent (Figure 9,

10

). The reason is that the

residence time of tyanide solution in the resin was shorter at high flow rate than at low
flow rate, thus the cyanogen chloride was hydrolyzed more at the low flow rate than at the
high flow rate. Also it is shown in Figure 9 and 11 that the higher the mole ratio KCN ;
NaOH was, the longer the concentration o f cyanogen chloride remained high in the
effluent. From the discussion in chapter 1 o f alkaline chlorination we know that cyanogen
chloride hydrolyzed quicker at high pH than at low pH. Figure 12 shows that the lower
mole ratio KCN : NaOH was, the longer time the pH o f effluent was low, thus the longer
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the time the higher the concentration o f (^anogen chloride was present in the effluent.
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Figure 12. pH of the Eflluent from the Flow System at Different Mole Ratios of
KCN : NaOH Ranging from 1:11:2.5 (20 g N-Ali^l-N-chiorosuifonamide Resin, 1.5
mmol -SOiNCIR, Influent 10^ M NaOH and 10^ M KCN or 2.5x10^ M NaOH and
10^ M KCN, Flow Rate 5 mL/min)

The flow rate and mole ratio o f KCN ; NaOH also affected the break-through
point. Figure 13 shows that the higher the flow rate was,

the less cyanide was

decomposed before break-through began. At this point the redox resin works like normal
ion exchange resin. Comparing figure 9 and figure 11, The lower the mole ratio KCN ;
NaOH was, the more cyanide was decomposed before break-through started. This is due
to the great loss o f free active chlorine at high pH.
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Figure 13. Cyanide in the Effluent from the Row System at Different Row Rates
Ranging from 5-15 mL/min (20 g N-AII^I-N-chlorosuifonamide Resin, 1.5 mmol SOiNClR/g, Influent 10^ M NaOH and 10^ M KCN)

Second ColumnfHvdrolvsis of Cvanate)
Since the effluent from the first showed a high cyanate concentration, it was
necessary to study the hydrolysis of cyanate by Amberlyst-15 cation ion exchange resin
(iT form). The results shown in Figure 14 are gratifying.
During the experiment three different flow rates were tried. The first 25 mL/g
effluent was collected at 5 mL/min, these samples showed very low concentration of
cyanate (< 10"^ M, 1000 times less than the initial concentration). Then 50/g mL effluent
was collected at 10 mL/min and the cyanate concentration was about 10^ M. Another 50
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mL/g effluent was collected at 15 mL/min and the cyanate concentration was somewhat
higher (4 x 10^ M). Finally the flow rate was returned to 5 mL/min, the effluent again
showed very low concentration o f cyanate. The concentration of ammonia in the effluent
was also very low before the break-through point (Figure 15). It was shown in the
reaction scheme that the cation exchange resin can also exchange ammonium ions.
Cyanate break-through from the column started afrer 22.5 mL/g. The amount of EC in
resin bed (20 g x 4.9 mmol/L = 98 mmol) is twice to the amount of cyanate ions
decomposed during column experiments (22.5 mL/g x 20 g x 10^ M cyanate = 49 mmol).
This is exactly the amount the reaction scheme (React. 1.16) predicted.
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Figure 14. Cyanate in the Effluent from the Flow System at Different Flow Rates
Ranging from S-15 mL/min (20 g Amberlyst-lS Resin, 4.9 mmol H^/g, Influent 10^
MKCNO)
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Figure 15. Ammonia in the Effluent from the Flow System at Different Flow Rates
Ranging from 5-15 mL/min (20 g Amberlyst-15 Resin, 4.9 mmol H*/g, Influent 10^
M KCNO)

Two Column System
The final experiment was carried out by connecting these two columns. The data
shown in figure 16 is fascinating. Not only was the cyanate concentration greatly reduced,
but also the concentration o f cyanogen chloride was reduced. The concentrations of
cyanide, cyanogen chloride, cyanate and ammonia were all less than 10"* M, the only ion
showing high concentration was chloride. The chloride ion concentration was proportional
to cyanide ion content in the influent. Because the influent contained 2.S x 10^ M Na" and
10^ M

these ions could displace 3.5 x

10

^ M H* in the second column, resulting in

the pH of the effluent being about 2 (Table 6 ).
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Figure 16. Cyanide in the Effluent from the Two Column Flow System (Column 1 :
20 g N-Allqr|-N-chlorosulfonamide Resin, l.S mmol -SOzNClR/g, Column 2: 20 g
Amberlyst-15, 4.9 mmol H^/g, Influent 2.5 x 10^ M NaOH and 10^ M KCN)
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Table 6 . pH and Active Chlorine in the Effluent from the Two Column Flow System
(Column I: 20 g N-Allgrl-N-chlorosulfonamide Resin, 1.5 mmol -SOjNCIR/g,
Column 2: 20 g Amherfyst-lS, 4.9 mmol H^/g, Influent 2.5 x lO ' M NaOH and 10 ^
M KCN)
Volume, mL/g
0

5
10

15

pH
3.86
3.67
3.67
2.57

2 0

2 .1 2

25
30
35
40
45
50
55
60
65
70
75

2.06
2.04
1.98

Active Chlorine, mmol/L
0.123
0.127
0.072

0.494

2 .0 1

2.06
1.97
2.07

0.172
0.161

2 .1 1

2.13
2.15
2.13

0.860
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CHAPTER 4

CONCLUSION

From the data presented here it can be concluded that the N-alkyl-Nchlorosulfonamide resin shows active oxidizing properties and effectively removes cyanide
ions from aqueous solution. In experiments carried out by colunm method - owing to very
high concentration of active chlorine in resin bed - it is possible to obtain effluents free of
cyanide (concentration o f cyanide ions below 10^ M, 0.026 ppm). The cyanide ions with
N-alkyl-N-chlorosulfonamide resin undergo a stoichiometric oxidation reaction with 2electron exchange. In the batch scale experiment, 1 mole o f cyanide ions is oxidized by
one mole o f active chlorine on the resin. In the flow system it takes about 2 or more moles
of active chlorine to convert 1 mole o f cyanide ions. This suggests that the oxidation o f
cyanide ions takes place in two steps. First, the N-alkyl-N-chlorosulfonamide resin
releases active chlorine to the solution; this is a slow reaction. Second, the active chlorine
in the solution reacts with cyanide quickly. Cyanide ions oxidized by

N-alkyl-N-

chlorosulfonamide resin are transformed to cyanate; cyanate is easy to hydrolyze but hard
to oxidize. During the column experiments only some of the cyanate ion was transformed
to nitrogen and carbon dioxide by the further oxidation in spite o f very high concentration
o f active chlorine in resin bed. The experiments carried out in batch scale showed that
46
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oxidation of cyanide ions went faster in strongly alkaline media than in weak alkaline
medium, and oxidation also goes Aster at high temperature and at a high ratio o f [active
chlorine on resin ; cyanide ions]. The column experiments showed that the higher the flow
rate was, the higher the concentration o f cyanogen chloride was present in the effluent and
the less cyanide was decomposed before break-through began. Also the higher the mole
ratio KCN : NaOH was, the longer the time the concentration o f cyanogen chloride
remained high in the effluent and the less cyanide was decomposed before break-through
started. The Amberlyst-15 cation exchange resin hydrolyzes cyanate easily. The two
column system (one colunm with N-alkyl-N-chlorosulfonanude resin, another column with
Amberlyst-15) works very effectively, greatly reducing the concentration o f cyanide,
cyanogen chloride, cyanate, and ammonia. The reactive copolymer during cyanide
destruction undergoes dechlorination, i.e. the sulfonamide groups are being restored again.
These groups can be regenerated to N-chlorosulfonamide groups by the use o f
hypochlorite solution.
The work carried out here showed that N-alkyl-N-chlorosulfonamide redox
polymers for cyanide ion decomposition is an alternative means to decompose cyanide
ions. Since the oxidation reagent is held on the solid resin, not in the aqueous phase, it is
easy to perform ORP control. In practical application, reliance on mixing chlorine or
hypochlorites with the reservoir of wastes would be unnecessary because o f all o f the
waste could be passed through resin beds on the way to disposal. The second stage o f the
process can be varied to bring about either hydrolysis o f cyanate to ammonium and carbon
dioxide or oxidation to nitrogen and carbon dioxide. Most of the excess active chlorine in
the effluent can be captured by N-allqrlsulfbnamide flinctionalized resin as demonstrated in
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a previous study (Emerson, 1988). All in all this method is a hopeful method for cyanide
ion decomposition.
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APPENDIX

STANDARD TEST METHOD

Cyanide
Titrimetric Method
General Discussion:

Principle: ON* in alkaline solution is titrated with standard silver nitrate (AgNOs)
to form the soluble cyanide complex, Ag(CN)z'. As soon as all the C N has been added,
the

excess

Ag*

is

detected

by

the

silver-sensitive

indicator,

p-

dimethylaminobenzalrhodanine, which immediately turns from a yellow to a salmon color.
The indicator is sensitive to about 0.1 mg Ag/L. If titration shows that CN* is below 1
mg/L, examine colorimetrically or potentiometrically.

Apparatus:

Microburet, 10-mL capacity.

Reagents:

Rhockmine

Indicator

Solution

(0.2

g/L):

Dissolve

20

dimethylaminobenzalrhodanine in 100 mL acetone.
49
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Standard Silver Nitrate Solution (0.01 N): Dissolve 1.6987 g AgNOs in distilled
water and dilute to I L. Mix thoroughly. Store in a dark container.

Sodium Hydroxide Solution ( 1 . 6 g/L): Dissolve

1 .6

g NaOH in 1 L distilled water.

Procedure:
Place 100 mL of sample solution or an accurately measured aliquot o f sample
solution diluted to 100 mL with NaOH solution in a flask. Add 0.5 mL o f indicator
solution. Titrate with standard silver nitrate solution to the first change from yellow to
salmon pink. Titrate a blank o f 100 mL o f NaOH solution.

Calculation:
CM . M

(A -B ) xATAgNO,
mL aliquot used
A = mL AgNOj solution to titrate sample
B — mL AgNOj solution to titrate blank

Colorimetric Method
General Discussion:

Principle: ON* in alkaline solution is converted to CNCl by reaction with
chloramine-T at pH

< 8

without hydrolyzing to CNO ( Caution: CNCl is a toxic gas;

avoid inhalation.) After the reaction is complete, CNCl forms a red-blue color on addition
o f a pyridine-barbituric acid reagent. Maximum color absorbance in aqueous solution is
between 575 and 582. To obtain colors o f comparable intensity, have the same salt
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content in sample and standards.

Apparatus:

Spectrophotometer^ for use at 578 nm, providing a light path o f

10

mm or longer

(varian DMS 300 UV visible spectrophotometer).

Reagents:

Chloramine-T solution

(1 0

g/L): Dissolve

soluble grade powder chloramine-T in

100

1 .0

g o f the white-colored, water-

mL distilled water. Prepare fresh monthly.

Sodium Hydroxide Solution ( 1 . 6 g/L): Dissolve

1 .6

g NaOH in

1

L distilled water.

Sodium Hydroxide Solution (40 g/L): Dissolve 40 g NaOH in 1 L distilled water.
Stock Cyanide Solution (0.01 M): Dissolve 0.6512 g o f potassium cyanide (KCN)
in 40 mL of NaOH solution (40 g/L). (Caution: KCN is highly toxic; avoid contact or
inhalation.) Dilute to 1 L with distilled water. Mix thoroughly. Standardized with standard
silver nitrate solution following the titration procedure.

Standard Cyanide Solution: Based on the concentration determined for the KCN
stock solution calculate volume required (approximately 1 mL) to prepare 1 L of 10^ M
CN* solution. Dilute with the NaOH solution (1.6 g /L). Prepare fresh solution daily and
protect from light.

Pyridine-Barbituric Acid Reagent: Place 15 g barbituric acid in a 250-mL
volumetric flask and add just enough distilled water to wash the sides o f the flask and wet
the barbituric acid. Add 75 mL o f pyridine and mix. Add 15 mL of cone hydrochloric acid.
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mix, and cool to room temperature. Dilute to volume with distilled water and mix until all
o f the barbituric acid is dissolved. This solution is usable for about

6

months if stored in a

cold dark place.

Acetate buffer: Dissolve 410 g sodium acetate trihydrate (NaCzHsOz SHzO) in 500
mL of distilled water. Add glacial acetic acid to yield a solution pH o f 4.5, approximately
500 mL.

Procedure:

Preparation o f standard curve: Pipet 5, 10, 15 and 20 mL o f standard CN*
solution into 50-mL volumetric flasks (IC* M to 4x10"* M OT). Dilute to 40 mL with
NaOH solution ( 1 . 6 g/L). Use 40 mL of NaOH solution (1.6 g/L) as blank. Develop and
measure absorbance in 10-mm cells as described in Color Development for both standards
and blank.

Color development: Pipet a portion o f sample solution in a 50-mL volumetric flask
and dilute to 40 mL with NaOH solution (1.6 g/L). Add 1 mL acetate buffer and 1 mL
chloramine-T solution, stopper, and mix by inversion twice. Let stand exactly 2 min. Add
5 mL pyridine-barbituric acid reagent, dilute to volume with distilled water, mix
thoroughly, and let stand exactly 8 min. Measure absorbance against distilled water at 578
nm.

Calculation:
Use the linear regression feature available on most scientific calculators, or
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compute slope and intercept o f standard curve as follows:

^

nZca -£c£g

« £ « * -Œ a )*
where:
a

= absorbance of standard solution,

c = concentration of CN in standard, M,
n = number of standard solutions,
m = soipe of standard curve, and
b = intercept
Include the blank concentration, 0 M and blank absorbance in the calculation
above.
CN', M = (m«, + A) X^
where:
X = mL of sample solution,
Uj = absorbance of sample solution.

Cvanide Selective Electrode Method
General discussion:
CN" in the alkaline solution can be determined potentiometriclly by using a
standard CN*-selective electrode in combination with a double junction reference electrode
and a pH meter having an expanded millivolt scale, or a specific ion meter. This method
can be used to determine ON* concentration in place o f either the colorimetric or
titrimetric procedures in the concentration range of IO'* M to 10'^ M CN*.
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Apparatus;

Expcmded-sccde pH meter (Orion Model EA920 expandable ionalyzer).
Cyanide-ion~selective electrode (Coming Catalog No. 476127).
Reference electrode, double-junction (Coming Catalog No. 476370).
Magnetic mixer with TFE-coated bar.

Reagents;

Sodium Hydroxide Solution (1.6 g/L): Dissolve 1.6 g NaOH in I L distilled water.
Sodium Hydroxide Solution (40 g/L): Dissolve 40 g NaOH in I L distilled water.
Stock Cyanide Solution (0.01 M): Dissolve 0.6512 g o f potassium cyanide (KCN)
in 40 mL o f NaOH solution (40 g/L). (Caution: KCN is highly toxic; avoid contact or
inhalation.) Dilute to I L with distilled water. Mix thoroughly. Standardized with standard
silver nitrate solution following the titration procedure.

Cyanide / Solution, Stancktrd (10*^ M CN): Dilute a calculated volume
(approximate 100 mL) o f KCN stock solution to 1 L with NaOH solution ( 1 . 6 g/L).

Cyanide II Solution, Standard (10"* M CN): Dilute exactly

100

mL of KCN

100

mL of KCN

standard solution I to 1 L with NaOH solution (1.6 g/L).

Cyanide III Solution, Standard (10** M CN): Dilute exactly

standard solution II to 1 L with NaOH solution (1.6 g/L). Prepare fresh solution daily and
protect from light.

Cyanide IV Solution, Standard (10^ M (3N): Dilute exactly 100 mL of KCN
standard solution m to 1 L with NaOH solution (1.6 g/L). Prepare fresh solution daily and
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protect from light.

Procedure:

Calibration: Place lOO-mL aliquots of standard KCN solution I, ü, m , IV in 250mL beakers. Place the beaker on a magnetic stirrer, place a TFE-coated stirring bar in the
solution, stir at a predetermined constant rate, and maintain constant temperature. Insert
the cyanide specific ion selective electrode and the reference electrode in the solution.
After equilibrium is reached (at least 5 min and not more than 10 min), record potential
(millivolt) readings. Always progress from the lowest to the highest concentration of
standard because otherwise equilibrium is reached only slowly. After making
measurements remove electrode and soak in distilled water. Plot concentration of the
standardizing solutions on the logarithmic axis of semilogarithmic graph paper verus the
potentials developed in the standizing solutions on the linear axis. Follow manufacture’s
instruction for direct-reading ion meter.

Measurement o f sample: Place 100 mL o f sample solution (or an accurately
measured portion diluted to

100

mL with NaOH solution (1.6 g/L)) in a 250-mL beaker.

Immerse cyanide and reference electrodes and mix on magnetic stirrer at the same stirring
rate used for calibration. After equilibrium is reached (at least 5 min and not more than
min), record values indicated on ion meter found from graph prepared as above.

Calculation:
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C N ', M = CN*, M from graph or meter x

100
X

where:
X = mL of sample solution.

Cyanogen Chloride
General Discussion
Cyanogen chloride (CNCl) is the first reaction product when cyanide compounds
are chlorinated. It is a volatile gas, only slightly soluble in water, but highly toxic even in
low concentrations. (Caution; avoid inhalation or contact.) A mixed pyridine-babituric
acid reagent produces a red-blue color with CNCl.

Apparatus

Spectrophotometer, for use at 578 nm, providing a light path o f

10

mm or longer

(varian DMS 300 UV visible spectrophotometer).

Reagents;

Chloramine-T solution

(1 0

g/L): Dissolve

1 .0

g of the white-colored, water-

soluble grade powder chloramine-T in 100 mL distilled water. Prepare fresh monthly.

Sodium Hydroxide Solution (1.6 g/L): Dissolve 1.6 g NaOH in 1 L distilled water.
Sodium Hydroxide Solution (40 g/L): Dissolve 40 g NaOH in 1 L distilled water.
Stock Cyanide Solution (0.01 M): Dissolve 0.6512 g o f potassium cyanide (KCN)
in 40 mL o f NaOH solution (40 g/L). (Caution: KCN is highly toxic; avoid contact or
inhalation.) Dilute to 1 L with distilled water. Mix thoroughly. Standardized with standard
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silver nitrate solution following the titration procedure.

Standard Cyanide Solution: Based on the concentration determined for the KCN
stock solution calculate volume required (approximately 1 mL) to prepare 1 L of 10*^ M
CN* solution. Dilute with the NaOH solution (1.6 g /L). Prepare fresh solution daily and
protect from light.

Pyridine-Barbituric Acid Reagent: Place 15 g barbituric acid in a 250-mL
volumetric flask and add just enough distilled water to wash the sides o f the flask and wet
the barbituric acid. Add 75 mL o f pyridine and mix. Add 15 mL o f cone hydrochloric acid,
mix, and cool to room temperature. Dilute to volume with distilled water and mix until all
o f the barbituric acid is dissolved. This solution is usable for about

6

months if stored in a

cold dark place.

Phosphate buffer:

Dissolve

138

g

of

sodium

dihydrogen

phosphate

(NaHzPO^ H2O) in distilled water and dilute to 1 L. Refrigerate this solution.

Procedure

Preparation o f stancktrd curve: Pipet 5,

10

, 15 and 20 mL o f standard CN*

solution into 50-mL volumetric flasks (10*® M to 4x10'* M CN*). Dilute to 20 mL with
NaOH solution (1.6 g/L). Use 20 mL o f NaOH solution (1.6 g/L) as blank. Add 2 mL of
chloramine-T solution and 4 mL o f phosphate buffer; stopper and mix by inversion two or
three times. Add 5 mL pyridine-barbituric acid reagent, dilute to volume with distilled
water, mix thoroughly, and let stand exactly

8

min for color development. Measure the

absorbance at 578 nm in a 10-mm cell using distilled water as a reference. Calculate slope
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and intercept o f the curve.
If sample pH is above 8 , reduce it to 8.0 to 8.5 by careful addition o f phosphate
bufifer. Pipet 20.0 mL o f the sample into a 50-mL volumetric flask. If more than 10*^ M
CNCl-CN is known to be present, use a smaller aliquot, dilute to 20 mL with distilled
water. The accuracy o f this test method is improved in the lower concentration; It is best
not to exceed the concentration limit o f 10** M CNCl-CN*. Add 1 mL phosphate buffer,
stopper and mix by inversion one time. Let stand 2 min. Add 5 mL o f pyridine-barbituric
acid reagent, stopper and mix by inversion on time, let color develop 3 min, dilute to
volume with distilled water, mix thoroughly, and let stand an addition 5 min. Measure
absorbance at 578 nm in 10-nm cell using distilled water as a reference.

Calculation
Use the linear regression feature available on most scientific calculators, or
compute slope and intercept o f standard curve as follows;
m

b

=
=

nj^ca - Z c £ a

nZa^-iZaŸ

where:
a

= absorbance of standard solution,

c

= concentration of CN' in standard, M,

It

= number of standard solutions,

m = soIpe of standard curve, and
b = intercept
Include the blank concentration, 0 M and blank absorbance in the calculation
above.
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CNCl as CN , M = (ma, + 6 ) x -

50
mL sample

where:
a, = absorbance of sample solution.

Cyanate
General Discussion

Principle: Cyanate hydrolyzes to ammonia when heated at low pH. The ammonia
concentration must be determined on one sample portion before acidification. The
ammonia content before and after hydrolysis o f cyanate may be measured by ammoniaselective electrode method. The test is applicable to cyanate compounds and in natural
water and industrial waste.

Apparatus

Expcmded-scale pH meter (Orion Model 601A digital ionalyzer).
Ammonia-selective electrode (Orion Model 95-10).
Magnetic mixer with TFE-coated stirring bar.
Heater and stirrer motor.

Reagents

Sodium hydroxide, ION.
Stock ammonia chloride solution (0 . 1 M): Dissolve 5.349 g anhydrous NH,C1
(dried at 100 °C) in water, and dilute to 1 L with distilled water.
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Standard ammonia chloride solutions: From the stock NH4CI solution prepare
solutions containing 10"^, 10^, and 10'^ M NH3-N by diluting with distilled water.

Suljuric acid solution, HzSOa, 1 + 1 .

Procedure

Calibration: Daily, calibrate the ammonia electrode as in Ammonia-Selective
Electrode Method using standard NH4CI solution.

Treatment o f sample : Dilute sample, if necessary, so that the CNO concentration
is 10"^ to 10'“ M. Take or prepare at least 200 mL. From this 200 mL, take a 100-mL
portion and, following the calibration procedure, establish the potential (millivolts)
developed from the sample. Check electrode reading with prepared standards and adjust
instrument calibration setting daily. Record ammonia content o f untreated sample (E).
Acidify 100 mL o f prepared sample by adding 0.5 mL 1+1 H2 SO4 to a pH of 2.0 to
2.5. heat sample to 90 to 95 °C and maintain temperature for 30 min. Cool to room
temperature and restore to original volume by adding distilled water. Pour into a 150-mL
beaker, immerse electrode, start magnetic stirrer, then add 1 mL \0N NaOH solution.
With pH paper check that pH is greater than 11. If necessary, add more NaOH until pH 11
is reached.
After equilibrium has been reached (2 min) record the potential reading. Estimate
ammonia content from calibration curve.

Calculation
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CNO-,
where:

M = A - B

/4 = M o f ammonia found in the acidified and heated sample portion,
B = M of ammonia found in untreated portion.

Ammonia
General Discussion

Principle: The ammonia-selective electrode uses a hydrophobic gas-permeable
membrane to separate the sample solution from an electrode internal solution of ammonia
chloride. Dissolved ammonia (NHx.q) and NH,*) is converted to NH3<«^ by raising pH to
above 11 with a strong base. NH^.^, diffuses through the membrane and changes the
internal solution pH that is sensed by a pH electrode. The fixed level of chloride in the
internal solution is sensed by a chloride ion-selective electrode that serves as the reference
electrode. Potentiometric measurements are made with a pH meter having an expanded
millivolt scale or with a specific ion meter.

Apparatus

Expcmded-scale pH meter (Orion Model 601A digital ionalyzer).
Ammonia-selective electrode (Orion Model 95-10).
Magnetic stirrer, thermally insulated, with TFE-coated stirring bar.

Reagents

Sodium hydroxide, ION.
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Stock ammonia chloride solution (0.1 M): Dissolve 5.349 g anhydrous NH4CI
(dried at

100

°C) in water, and dilute to 1 L with distilled water.

Stancktrd ammonia chloride solutions: From the stock NH4CI solution prepare
solutions containing 10^, 10'\ and 10 “ M NH3-N by diluting with distilled water.

Procedure

Calibration: Place 100 mL o f each standard solution in a 150-mL beaker. Immerse
electrode in standard o f lowest concentration, position it at an angle

2 0

° to the vertical,

and mix with a magnetic stirrer. Limit stirring speed to minimize possible loss o f ammonia
from the solution. Maintain the same stirring rate and a temperature of about 25°C
through out calibration and testing procedure. Add a sufficient volume of NaOH solution
(1 mL usually is sufficient) to raise pH above 11. If it is necessary to add more than 1 mL
of NaOH solution, note volume use, because it is required for subsequent calculation.
Keep electrode in solution until a stable millivolt reading is obtained. Do not add NaOH
solution before immersing the electrode, because ammonia may be lost from a basic
solution. Repeat procedure with remaining standards, proceeding from lowest to highest
concentration. Wait until the reading has stabilized (at least 2 to 3 min) before recording
millivolts for standards and samples.

Preparation o f stancktrd atrve: Using semilograithmic graph paper, plot ammonia
concentration in M o f NH3-N on the log axis vs. potential in millivolts on the linear axis
starting with the lowest concentration at the bottom o f the scale. If the electrode is
functioning properly a tenfold change o f ammonia concentration produces a potential
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change o f about 59 mv.

Measurement o f samples: Dilute if necessary to bring ammonia concentration to
within calibration curve range. Place 100 mL sample in 150-mL beaker and follow
procedure above. Record volume o f NaOH added. Read NH3-N concentration from
standard curve.

Calculation
N H 3-N , M =

Xg X

100+ C

where:
A = dilution factor,
H = M o f NH3- N found from calibration curve,
C = mL of NaOH added to standards, and
D = mL of NaOH added to sample.

Chloride
General Discussion
Chloride ion is measured potentiometrically using a chloride ion-selective electrode
in conjunction with a double junction, sleeve-type reference electrode. Potentials are read
using a pH meter having an expanded millivolt scale, or a selective-ion meter having a
direct concentration scale for chloride.
The electrodes are calibrated in known chloride solutions, and the concentrations
of unknowns are determined in solutions with the same background. Samples and
standards should be at the same temperature.
Standards and samples are diluted with an ionic strength adjustor that also

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

64
minimizes possible interferences such as ammonia, bromide, iodide, cyanide, or sulfide.
This method is applicable to the measurement o f chloride ion in natural waters,
drinking water, and wastewaters.
Sample containing 2 to 1000 mg/L o f chloride may be analyzed by this test
method. The concentration range may be extended by dilution of an appropriate aliquot
before the addition o f the ionic strength adjustor.

Apparatus

Expanded-scale pH meter (Orion Model EA920 expandable ionalyzer).
Chloride ion-selective electrode (Orion Model 94-lTB).
Sleeve-Type double-junction reference electrode, (Orion Mode 90-02), using
solution prepared in reagents part as the outer sleeve filling solution.

Magnetic mixer with TFE-coated bar.

Reagents

Chloride Ionic Strength Adjustor (CISA): Dissolve 15.1 g sodium bromate in 800
mL o f distilled water. Add 75 ntiL of cone nitric acid (HNO3, sp. gr 1.42). Stir well. Dilute
with distilled water to I L.

Stock Chloride Solution (0.1 M): Dissolve 5.844 o f sodium chloride (dried for I hr
at 600 °C), in distilled water in a volumetric flask and dilute to 1 L.

Standard Chloride Solutions (lO"^, 10'^, and 10"* M): Using volumetric pipets,
transfer 100, 10, and 1.0 mL of the chloride stock solution into separate 1-L volumetric
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flasks and dilute each to 1 L with distilled w ater

Double-Junction Reference Electrode Outer Filling Solution: Dilute 1 volume o f
CISA with I volume o f distilled water.

Procedure

Calibration: \fix equal volumes o f the 0.1 M o f chloride standard solution and
CISA reagent. Do the same for each o f the other three standards. Mix equal volumes o f
distilled water and CISA reagent. Place the electrodes in the water-CISA mixture, stir
well, wait 3 to 5 min, and record the millivolt reading. This solution contains no added
chloride, and the potential reading will not be very stable. Rinse the electrodes thoroughly,
place them in the lO*"* M Cl -CISA mixture and stir well, wait 1 to 2 min and record the
result. If the diflference between the water-CISA mixture reading and the 10'^ M Cl-CISA
mixture reading is less than 15 mV, there is chloride contamination o f the reagent that will
effect low-level readings, and pure reagents must be obtained. Rinse the electrodes, place
them in the 10'^ M Cl-CISA mixture and stir well, wait 1 min and record the results.
Repeat with the 10*^ and 10 ' M Cl-CISA mixtures, prepare a calibration curve by
plotting, on semilogarithmic graph paper, the potential observed (on the linear scale)
versus the concentration o f each of the standards used (on the logarithmic scale). Note
that volume corrections are incorporated into the calibration, so that samples analyzed in
accordance can be read directly.

Sample Measurement: Mix the sample with an equal volume o f CISA reagent, and
stir thoroughly for 1 to 2 min. Insert the electrodes, wait 1 to 2 min, and record the
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reading.

Calculation
Read chloride concentration o f the sample in M directly from the calibration curve.

Active Chlorine in Water
General Discussion

Principle: A/'.A/'-diethyl-^-phenylenediamine (DPD) is used as an indicator in the
titrimetric procedure with ferrous ammonia sulfete (FAS). Where complete differentiation
o f chlorine species is not required, the procedure may be simplified to give only free and
combined chlorine or total chlorine. In the absence o f iodide ion, free chlorine reacts
instantly with DPD indicator to produce a red color. Subsequent addition o f a small
amount of iodide ion acts catalytically to cause monochloramine to produce color.
Addition of iodide ion to excess evokes a rapid response from dichloramine. In the
presence o f iodide, part o f the nitrogen trichloride (NCI3) is include with dichloramine and
part with free chlorine. A supplementary procedure based on adding iodide ion before
DPD permits estimating proportion o f NCI3 appearing with free chlorine.
Chlorine dioxide (CIO2) appears, to the extent o f one-fifth of its total chlorine
content, with free chlorine. A full response from CIO2, corresponding to its total chlorine
content, may be obtained if the sample first is acidified in the presence of iodide ion and
subsequently is bought back to an approximately neutral pH by adding bicarbonate ion.
Bromine, bromamine, and iodine react with DPD indicator and appear with free chlorine.
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Addition o f glycine before determination o f free chlorine converts free chlorine to
unreactive forms, with only bromine and iodine residuals remaining. Subtraction o f these
residuals from the residual measured with out glycine permits differentiation o f free
chlorine from bromine and iodine.

Apparatus:

Microburet, lO-mL capacity.

Reagents:

Phosphate buffer solution: Dissolve 24 g anhydrous NazHPO^ and 46 g anhydrous
KH2PO4 in distilled water. Combine with

100

mL distilled water in

which 800 mg

disodium ethylenediaminetetraacetate dihydrate (EDTA) have been dissolved. Dilute to 1
L with distilled water and add 20 mg HgCk to prevent mold growth and interference in
the free chlorine test caused by any trace amounts o f iodide in the reagents.

N,N-iJiethyl-p-phenylenediamine (DPD) indicator solution: Dissolve 1 g DPD
oxalate in distilled water containing 8 mL 1+3 H2 SO4 and 200 mg disodium EDTA. Make
up to 1 L, store in a brown glass-stoppered bottle in the dark, and discard when
discolored. Periodically check solution blank for absorbance and discard when absorbance
at 515 nm exceeds 0.002/cm.

Standard ferrous ammonia sulfate

(FAS)

titrant:

Dissolve

1.106

g

Fe(NH4)2(S0 4 )2 ' 6 H 2 0 in distilled water containing I mL 1+3 H2SO4 and make up to 1 L
with freshly boiled and cooled distilled water.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

68

Potassium iodide solution: Dissolve 500 mg Kl and dilute to 100 mL, using freshly
boiled and cooled distilled water. Store in a brown glass-stoppered bottle, preferably in a
refrigerator. Discard when solution becomes yellow.

Procedure
The quantities given below are suitable for concentrations o f total chlorine up to 5
mg/L. If total chlorine exceeds 5 mg/L, use a smaller sample and dilute to a total volume
o f 100 mL. Mix usual volume of buffer reagent and DPD indicator solution
a.

free chlorine or chloramine: Place 5 mL each o f buffer reagent and DPD

indicator solution in titration flask and mix. Add 100 mL sample, or dilute sample, and
mix.
1) Free chlorine; Titrate rapidly with standard FAS titrant until red color is
discharged (Reading A).
2) Monochloramine; Add 0.1 mL (2 drops) KI solution and mix. Continue titrating
until red color is discharged again (Reading B).
3) Dichloramine; Add several crystals KI (about 1 g) and mix to dissolve. Let
stand for 2 min and continue titrating until red color is discharged (Reading C). For
dichloramine concentrations great than I mg/L, let stand 2 min more if color drift back
indicates slightly incomplete reaction. When dichloramine concentrations are not expected
to be high, use half the specified amount KI.
4) Simplified procedure for free chlorine and combined chlorine or total chlorine;
Omit 2) above to obtain monochloramine and dichloramine together as combined chlorine.
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To obtain total chlorine in one reading, add hill amount o f KI at the start, with the
specified amounts of buffer reagent and DPD indicator, and titrate after 2 min standing.
b.

Nitrogen trichloride: Place 0.1 mL KI solution in a titration flask. Add 100 mL

sample and mix. Add contents to a second flask containing S mL each o f buffer reagent
and DPD indicator solution. Titrate rapidly with standard FAS titrant until red color is
discharged (Reading N).

Calculation
For a 100-mL sample, 1.00 mL standard FAS titrant = 1.00 mg Cl as CU/L.
Reading

NCU Absent

NCL Present

A
B-A
C-B
N
2(N-A)
C-N

Free Cl
NH2 CI
NHCL

Free Cl
NH2CI
NHCL + I/ 2 NCI3
Free Cl + I/2 NCI3
NCI3
NHCL
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